Background: Vitamin D is a potent immunomodulator and may play a role in the development of the fetal innate immune functions. The aim of our study was to evaluate inflammatory markers in cord blood of healthy newborns in relation to vitamin D status at birth. 
a mong its well-known functions on bone health and calcium metabolism, vitamin D is also a potent modulator of the immune system (1). Indirect evidence from observational studies suggests that it is of importance in fetal innate and adaptive immune functions (2) . The active form of vitamin D, 1,25-dihydroxyvitamin D (1,25(OH) 2 D), enhances antimicrobial properties of immune cells including monocytes and macrophages (3) . In experimental studies, 1,25(OH) 2 D also regulates the expression and activity of matrix metalloproteinases (MMPs) (4) . Neutrophil secreted MMPs are enzymes responsible for turnover of the extracellular matrix, but also regulate multiple inflammatory and innate immune responses by activating and controlling chemokines and cytokines (5) .
Low 25(OH)D levels are associated with elevated C-reactive protein (CRP) in asymptomatic adults (6) . A recent study on vitamin D-deficient neonates demonstrated an inverse correlation between cord blood 25(OH)D and CRP suggesting that fetal vitamin D deficiency is associated with increased inflammation at birth (7) . High-sensitivity CRP (hs-CRP) specifically reflects low-grade inflammation and is in epidemiological studies associated with cardiovascular disease and other chronic inflammatory states (8) .
The aim of this study was to evaluate the inflammatory markers MMP-8 and hs-CRP in healthy newborns in relation to vitamin D status at birth. The hypothesis of our study was that cord blood vitamin D status is inversely associated with MMP-8 and hs-CRP concentrations.
METHODS

Study Subjects
This study is a part of the Vitamin D Intervention in Infants (VIDI) study, which is a randomized, controlled, double-blinded trial aiming to evaluate potential health benefits of daily vitamin D supplementation of 10 µg (400 IU) or 30 µg (1, 200 IU) , administered from 2 wk to 2 y of age. Altogether 987 families were recruited for the VIDI trial between January 2013 and June 2014 at the Kätilöopisto Helsinki Maternity Hospital 1-2 d after the delivery. Mothers were of Caucasian origin, without regular medication and with an uneventful singleton pregnancy. The infants were born at term (37 + 0 to 42 + 0 wk) with a birth weight appropriate for gestational age (birth weight SD score between −2.0 to +2.0). Exclusion criteria for the infants were nasal continuous positive airway pressure treatment for >1 d, intravenous glucose infusion, intravenous postnatal antibiotic treatment, seizures, duration of phototherapy for more >3 d, and need for nasogastric tube for >1 d.
Written informed consent was obtained from the parents at recruitment. The study was conducted in accordance with the Declaration of Helsinki and ethical approval was obtained from the Research Ethics Committee of the Hospital District of Helsinki and Uusimaa (107/13/03/03/2012). The project protocol is registered on ClinicalTrials.gov (NCT01723852).
Maternal and Infant Demographics
Maternal demographics were collected from self-administered questionnaires and from electronic hospital records including data on age, education, parity, prepregnancy weight (kg), and height (cm), prepregnancy smoking and development of gestational diabetes and preeclampsia. Education level was graded from 1 (=comprehensive school/lower secondary education) to 6 (university degree/first or second stage of tertiary education) and then recategorized into two categories: low educated (=lower or upper secondary or postsecondary nontertiary education) and high educated (=first or second stage of tertiary education). BMI was calculated using prepregnancy weight and height (kg/m 2 ) and divided to underweight (<18.5), normal (18.5-24.9), overweight (25-29.9) , and obese (≥30). Maternal use of vitamin D supplements was inquired (brand name, dosage, and date of commencement), and the average daily intake of vitamin D from supplements was calculated for the last 2 mo of pregnancy. Documentation of antenatal antibiotics was collected from hospital records and defined positive when intravenous maternal antibiotic treatment was administered after the onset of labor. Infant demographics were collected from hospital birth records including data on mode of delivery, birth weight (kg) and length (cm), gestational age and Apgar scores. Season of birth was categorized in to winter (December, January, February), spring (March, April, May), summer (June, July, August), and autumn (September, October, November).
Cord Blood 25(OH)D Analyses
Cord blood samples (20 ml) were collected at birth, stored at +8° and processed within 24 h. Plasma was separated with centrifugation, frozen at −20 °C and later transferred to −80 °C until analysis. Cord blood plasma 25(OH)D concentration was analyzed with an IDS-iSYS fully automated immunoassay system (Immunodiagnostic Systems, Bolton, UK) with chemiluminescense detection. Interassay variation was avoided by analyzing all samples in the same batch. The intra-assay variation was <13% for the samples. Cord plasma 25(OH) D concentrations were corrected with formula 19.13 + 0.897 * cord plasma 25(OH)D to be comparable with serum 25(OH)D concentrations and are presented as nmol/l (to convert to ng/ml, divide by 2.496). The equation is based on comparison of 25(OH)D measurements in samples from 84 study subjects for whom both cord plasma and serum sample were available (data not shown).
The quality and accuracy of the serum 25(OH)D analyses are validated on an ongoing basis by participation in the vitamin D External Quality Assessment Scheme (DEQAS, Charing Cross Hospital, London UK). The method utilized in the present study shows a 3% positive bias against all laboratory trimmed mean values and a 10% positive bias compared with NIST standards in international comparisons (9) .
Cord Blood MMP-8 and hs-CRP Analyses
Cord blood plasma MMP-8 concentration was analyzed with a timeresolved immunofluorometric assay as described previously (10, 11) . Monoclonal MMP-8 specific antibodies 8708 and 8706 (Medix Biochemica, Kauniainen, Finland) were used for catching and tracing. The tracer antibody was labeled using europium-chelate (12) . Samples were diluted in assay buffer and incubated for 1 h, followed by incubation for 1 h with tracer antibody. The assay buffer contained 20 mmol/l Tris-HCl, pH 7.5, o.5 mol/l NaCl, 5 mmol/l CaCl 2 , 50 µmol/l ZnCl 2 , 0.5% bovine serum albumin, 0.05% sodium azide, and 20 mg/l diethylenetriaminepentaacetic acid. Fluorescence was measured by using a 1234 Delfia Research Fluorometer (Wallac, Turku, Finland) 5 min after adding of enhancement solution. The interassay coefficient of variation (CV%) was 7.3% and detection limit for the assay 0.08 ng/ml.
Cord blood plasma hs-CRP concentration was determined with an enzyme immunoassay (IBL international CRP high-sensitive ELISA) according to the manufacturer's instructions with a plasma dilution of 1:250. The detection limit for the assay was 0.02 µg/ml.
Statistical Analyses
Cord blood samples for 25(OH)D, MMP-8, and hs-CRP analyses were initially obtained from 965 infants. Altogether 9 infants were excluded from the study because of a later diagnosed chromosome anomaly or congenital disease (Down syndrome, Cri du Chat, congenital nephrotic syndrome, long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency, neurofibromatosis, hereditary Rieger syndrome, congenital hemimelia, congenital hypothyreosis, congenital lumbosacral teratoma) and 11 infants for not fulfilling the inclusion criteria of the VIDI trial. In addition, 6 outliers of hs-CRP concentrations were excluded because of results not within the reliable detection rate of the hs-CRP assay, the final number of the cohort being 939 with no missing values in MMP-8, hs-CRP, and 25(OH)D concentrations. The characteristics, median MMP-8 or 25(OH)D concentrations of the excluded 6 outliers of hs-CRP did not differ from the final cohort.
Data are expressed as mean or median with SD or interquartile range (IQR). For group comparisons, independent sample t-test or ANOVA were used with normally distributed values, and Mann-Whitney U-test or Kruskall-Wallis test with non-normally distributed values. Associations were tested with Spearman correlation and univariate linear regression analysis and then further analyzed with multivariate linear regression analysis adjusted with potential confounders. For linear regression analysis, MMP-8 and hs-CRP concentrations were ln-(natural logarithm) transformed and then back-transformed for representation in the result section. All statistical analyses were performed using SPSS software (IBM SPSS Statistics for Windows, version 22).
RESULTS
Study Population
Altogether 939 mothers and infants were included in the study. Their characteristics are given in Table 1 . The majority of the mothers (94%) used regular daily vitamin D supplementation with an average daily intake of 15.6 µg. Gestational diabetes was observed in 104/939 (11%) and pre-eclampsia in 24/939 (2.6%) of the pregnancies. Altogether 249/939 (27%) of the mothers received antibiotics during the delivery due to suspected signs of infection or premature rupture of membranes (over 18 h) as recommended by the hospital guidelines. The delivery mode was most often uncomplicated vaginal (80%), and the majority of the children (94%) had Apgar scores ≥8 ( Table 2) .
Cord Blood 25(OH)D Concentrations
The mean cord blood 25 Table 2) . Sex, maternal prepregnancy BMI, or the duration of gestation did not affect cord blood 25(OH)D ( Table 2) .
Cord Blood MMP-8 and hs-CRP Concentrations
The median cord blood plasma MMP-8 concentration was 32.0 ng/ml (IQR 17.2-69.0) and median hs-CRP concentration 0.06 µg/ml (IQR 0.04-0.09). There was a positive correlation between MMP-8 and hs-CRP concentrations (r = 0.128, P < 0.001). Cord blood MMP-8 and hs-CRP concentrations were higher in case of primiparity, antenatal antibiotic treatment, in infants with Apgar scores <8 and with longer duration of gestation ( Table 2) . Compared with normal vaginal delivery, higher concentration of MMP-8 was observed in vacuumassisted delivery, and higher hs-CRP concentration in emergency cesarean section ( Table 2) .
Maternal prepregnancy BMI was not associated with cord blood MMP-8 concentrations. In contrast, hs-CRP concentration was higher in obese mothers compared with those of normal weight or overweight (P = 0.001, Table 2 ).
Association of Cord Blood 25(OH)D With MMP-8 and hs-CRP Concentrations
We observed a positive correlation between cord blood 25(OH) D and MMP-8 (r = 0.315, P < 0.001, Figure 1) , and between 25(OH)D and hs-CRP (r = 0.102, P = 0.002). In simple linear regression analysis, higher 25(OH)D predicted higher MMP-8 concentration (B = 1.013, 95% CI 1.011-1.016) and higher hs-CRP concentration (B = 1.003, 95% CI 1.001-1.005), with a 10-unit increase in 25(OH)D concentration resulting in a 10-unit increase in both MMP-8 and hs-CRP concentrations.
After adjustment for potential confounders (gestational age, mode of delivery and antenatal antibiotic treatment, parity, and in case of hs-CRP, also maternal prepregnancy BMI), the associations between 25(OH)D and MMP-8, and correspondingly between 25(OH)D and hs-CRP, remained significant (B = 1.012, 95% CI 1.010-1.015; B = 1.003, 95% CI 1.000-1.005, Table 3 ).
DISCUSSION
The neonate is considered to be mostly dependent on the innate immunity for protection against pathogens as the adaptive immune system does not begin to function effectively until after birth (13, 14) . We evaluated the innate immune response of healthy newborns by assessing the concentrations of MMP-8 and hs-CRP in cord blood. This study is the first to demonstrate a positive correlation between cord blood 25(OH)D and the inflammatory markers MMP-8 and hs-CRP. These correlations remained significant even when adjusting for potential confounders. Our findings suggest a novel immunomodulatory role for vitamin D in the innate immune response, and further underscore the multiple ways by which vitamin D may act on the neonatal immune system.
Vitamin D is inversely associated with inflammatory mediators in several studies among adults whereas studies in children are sparse (7, 15, 16) . However, the majority of the studies were conducted in populations with vitamin D deficiency or in specific patient groups (17, 18) . Interestingly, in the study among asymptomatic adults, the inverse relation between 25(OH)D and CRP was reversed in subjects with higher vitamin D levels (6) . Similarly, in neonates, the inverse correlation between 25(OH)D and CRP was not observed in infants with 25(OH) D above 50 nmol/l (7). We demonstrate here that 25(OH) D is positively associated with the inflammatory biomarkers MMP-8 and hs-CRP. In contrast to previous studies, our cohort lacked vitamin D deficiency as 99% of the subjects had 25(OH) D concentration above 50 nmol/l. Thus, our study represents predominantly a vitamin D sufficient population. Previously, higher vitamin D levels have had both anti-and proinflammatory effects, indicating that the association of 25(OH)D and inflammation may be U-shaped (19) . However as our study lacks vitamin D deficient newborns, we were unable to confirm the possible U-shaped association. On the other hand, our results may indicate that adequate vitamin D status enables the neonatal immune system to respond more efficiently.
Our study shows that the cord blood vitamin D status of Finnish newborns has improved in the recent years and is now significantly better than in most recent studies (20) Articles the liver (24) . In addition, 1,25(OH) 2 D downregulates MMP production in experimental studies (4, 25) . However, no data exist concerning specifically MMP-8 and vitamin D. In our study, cord blood MMP-8 concentration was higher if the mother had received antibiotics during delivery suggesting that an inflammatory response is activated in infants with risk for infection even though they do not develop clinical signs of infection. In addition, MMP-8 levels were higher if the delivery was vacuum-assisted reflecting the involvement of MMP-8 in tissue damage. Our study gives new insight to MMP-8 metabolism in healthy infants.
The findings regarding cord blood hs-CRP concentration in relation to perinatal factors were similar to MMP-8 reflecting the fetal response to inflammation and stress. In contrast to MMP-8, hs-CRP was also associated with maternal prepregnancy BMI. This is in line with previous findings in which obesity is associated with chronic inflammation (26) .
A main strength of our study is that our sample consisted of a large and unique cohort of healthy mothers and infants which was recruited over all seasons allowing us to take into account the seasonal variation of vitamin D levels. Participation in Vitamin D External Quality Assessment Scheme gives validity to 25(OH)D analysis. The limitations are the cross-sectional design of the study which prevents us from making any causal conclusions. The high vitamin D status of our study sample limits generalizability of the results. Furthermore, as the activity of MMP-8 is strictly regulated and we did not measure its main regulator the tissue inhibitor of matrix metalloproteinases-1 (TIMP-1), we do not know enough about the functionality of MMP-8. However, the significance of MMP-8 in neonates is unknown and our study is the first to evaluate its overall involvement in the neonatal inflammatory response.
We conclude, that in contrast to our hypothesis, there is a positive correlation between 25(OH)D and the inflammatory biomarkers MMP-8 and hs-CRP in cord blood of healthy newborns with mostly sufficient vitamin D status. This correlation is unrelated to perinatal factors suggesting an independent role for 25(OH)D. Further studies, preferably in randomized controlled study settings, are needed to elucidate the interplay and temporal sequence of 25(OH)D and the inflammatory parameters. Our observation may reflect the diverse immunomodulatory functions of vitamin D in the innate immune response of the newborn. The possible clinical significance of these observations needs to be addressed in longitudinal studies.
